Composite sconng systems that combine information contained in a number of risk factors are being used increasingly in clinical practice, planning, and health risk appraisal The authors propose a methodological framework for the construction and validation of a composite measurement scale to assess the nsk, considered as a continuous phenomenon, of developing a particular disease or outcome. This framework integrates several statistical methods, especiaJly those concerning model fitting, coefficient rounding, and validation strategy. It also uses psychometric methods, addressing important measurement properties such as measurement level, content and construct validity, and reliability of the constructed scale. The proposed framework is illustrated by application to the construction of a composite scale for measurement of the risk of ectopic pregnancy.
Composite sconng systems have been increasingly developed for use in epidemiology to combine information contained in a number of risk factors in a way that best evaluates one subject's nsk of disease. Despite controversy regarding the accuracy and generallzability of these systems, they are widely used, both by clinicians for predicting the development of disease in individuals free of disease (1) (2) (3) (4) (5) (6) and by public health professionals for evaluating risk in populations or the efficiency of prevention programs (7) . In various domains such as, for example, coronary heart disease or breast cancer, many attempts have been made to quantify the risk of morbidity or mortality (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . However, results obtained with composite scoring systems are far from conclusive. In particular, the scoring systems constructed are invariably less predictive when applied to subsequent populations (11) (12) (13) . Several explanations for these poor performances have been suggested. Selection biases could distort the sample used for the system development, such that it is not representative of the population for which the system is to be used (12, 13) . Statistical methods, particularly multivariate methods, are also maternal mortality in industrialized countries (15, 16) . Furthermore, ectopic pregnancy leads to permanent sterility in 20-60 percent of cases and recurs in more than 20 percent (17) . Therefore, an indicator for the risk of ectopic pregnancy has considerable practical value for physicians, emergency services, and public health professionals. It could be used 1) to predict occurrence and provide an indication about which type of early pregnancy follow-up and information should be given to women planning a pregnancy, 2) to provide earlier diagnostic screening in case of mild symptoms, and 3) to help design prevention programs and health planning in populations. However, many risk factors are involved in the etiology of ectopic pregnancy (15) , and thus, a valid estimation of the risk of ectopic pregnancy for an individual women is not straightforward. For these reasons, we developed a CMS to assess, as precisely as possible, the risk of ectopic pregnancy for women planning or starting a pregnancy.
Data sources
The data from three case-control studies of ectopic pregnancy conducted in France from 1988 to 1994 were used. The first two studies had the same design and methods, described in detail in original papers (18, 19) . Briefly, the first study was a hospital-based casecontrol study conducted in seven maternity hospitals in the Paris, France, area in 1988; the second study was a hospital-based case-control study conducted between October 1988 and December 1991, in 15 maternity hospitals in the Rhone-Alpes Region. In both studies, the cases were women between ages 15 and 44 years whose diagnosis of ectopic pregnancy was confirmed by celioscopy or laparotomy. The controls were women who gave birth in the same maternity hospitals as the cases who delivered immediately after surgical intervention of a case (one control per case in the Paris study and two controls per case in the RhoneAlpes study). The third case-control study was register based. A full description of case identification procedures, assessment of registration completeness, data collection, and validation has been published previously (20) . Cases were women resident in three departments (administrative units) in the Auvergne Region, with confirmed diagnosis of ectopic pregnancy who were treated from January 1 to December 31, 1994 . In this register-based case-control study, controls were women who gave birth in the same hospitals as cases, whose delivery immediately followed diagnosis of a case, and who were similar to the cases with regard to contraception status at the time of conception (two controls per case were included).
To minimize biases associated with the absence of controls undergoing induced abortion (21) and obtain samples similar to the target population of women planning or beginning a pregnancy, only cases and controls who were married or living as married and not using contraception at the time of conception, (i.e., women who probably planned to complete their pregnancy) were used for this study of development of a CMS for assessment of the risk of ectopic pregnancy. A total of 190 cases and 246 controls satisfied these criteria in the Paris study, 382 cases and 1,142 controls in the Rhone-Alpes study, and 122 cases and 231 controls in the register-based Auvergne study. In the following analyses, women from the largest study (Rhone-Alpes study) were used as the "training sample" for construction of the CMS, and women from Paris study and Auvergne register-based study were used as two "validation samples." (The largest sample was used to maximize precision of the estimated risk equation).
In the three studies, data on confirmed or suspected risk factors for ectopic pregnancy were collected by trained physicians or midwives using similar questionnaires. These data included the woman's sexual history, medical history including sexually transmitted disease and pelvic inflammatory disease, previous surgical and reproductive history, previous use of birth control and condoms, induced conception cycle, and other factors such as sociodemographic characteristics, smoking habits at the time of conception, and endometriosis. Information about the most frequent sexual partner was also collected: his level of education, sociooccupational class, smoking status, and number of episodes of sexually transmitted disease during the previous 6 months. Blood samples were also collected and tested for Chlamydia trachomatis immunoglobulin G antibodies (22) .
Preliminary steps of CMS development (training sample)
The 382 cases and 1,142 controls of the training sample were compared for all of the investigated exposures. Quantitative exposures such as age and smoking were categorized in this study by a priori cutpoints used in previous publications by ourselves (18, 19) and others (15) . (In some contexts, optimal dataoriented cutpoints may be found using the methodology proposed by Schulgen et al. (23) ). Odds ratios and 95 percent confidence intervals were used to describe the association between ectopic pregnancy and potential risk factors (table 1). As expected, a large number (n = 14) of the potential factors were found to be associated to ectopic pregnancy. 
Table continues
When many risk factors are involved in disease development, muitivariate descriptive methods can be useful to study correlations between them and possibly to identify a "structure" in the risk pattern (24, 25) . We used multiple correspondence analysis to examine relations among categorical risk factors for ectopic pregnancy (26) . This method is the natural counterpart to principal component analysis for categorical data: It provides a multidimensional representation of the dependence between the rows and columns of a binary contingency table (26) . This representation is found by allocating scores to row and column categories and displaying the categories as points in a reduced factor space. The factor scores are used as coordinates of these points. Plots of factor scores, which are sorted by descending order of the eigenvalues, show associa- tions of risk factors that may be less obvious by simple cross-tabulations. (Simple cross-tabulations provide many results that are not easy to summarize when the variables are numerous, as in this study). Multiple correspondence analysis was performed using PROC CORRESP of the SAS package (27) . Multiple correspondence analysis of 14 categorical risk factors associated with ectopic pregnancy in the above monovariate analysis led to four interpretable factors. A plot of the four factor scores is shown in figure 1 . The first factor opposes positive categories (presence) of risk factors to negative (absence) ones. In particular, variables that are associated with higher ectopic pregnancy risk (prior ectopic pregnancy, endometriosis, confirmed pelvic inflammatory disease, and tubal surgery) score higher on this axis. The second factor evidences the influence and possibly confounding status of age, the categories of which are ordered along the axis. Previous use of intrauterine device was also wellrepresented on this axis, located close to the highest categories of age. The third factor opposes clomiphene-induced pregnancy and endometriosis to a "cluster" of infection markers (pelvic inflammatory disease and C. trachomatis seropositivity) and prior ectopic pregnancy. The fourth factorial axis opposes tubal and uterine surgery to heavy smoking. The close- 4 -pTuSurg+ ness or (on the contrary) the distance between categories of variables on the interpretable axes, reflecting the strength of the associations between them, suggest the value of splitting nominal or ordered variables (e.g., induced conception and age) into several binary variables or, alternatively, aggregating variables (clustered in this analysis) that evaluate various aspects of the same process, e.g., infection, which can be detected by clinical and serologic variables. Overall, at least four independent dimensions for ectopic pregnancy risk factors were suggested: infection, surgery, smoking, and induction.
Modeling the ectopic pregnancy risk (training sample)
Linear logistic regression was used to model the relation between candidate risk factors (single or grouped as suggested by multiple correspondence analysis) and ectopic pregnancy. The relevance of the multiplicative structure on which the logistic model is based was examined by testing interactions (multiplicative terms) between the independent variables included in the model (data not shown). Goodness-of-fit of the candidate models was studied using the -2 log-likelihood statistic (sometimes called deviance (28) ) distribution. To calculate the c index, all possible pairs of patients, one with the disease and one without, are considered. A pair is said to be concordant if the one with the disease has the higher predicted disease probability. The c index is the proportion of all pairs that are concordant. This statistic has many advantages (25): 1) it is easy to interpret since it estimates the probability that for a randomly chosen pair of patients, the one having the disease is the one who has the greater risk; 2) it is equal to the area under a "receiver operating characteristic" curve; and 3) it is not affected by the value of the model's constant and can be used to assess and compare the predictive ability of a model in both training and validation samples.
Resampling was also performed: 20 random subsamples containing 50 percent of the women in the training sample were formed and used to test the independent predictive values of risk factors. Classical graphical methods were used to look for possible outlying responses and influent observations (30) (we did not find any that required deletion). SAS PROC LOGIST (27) was used to develop the models, compute the goodness-of-fit statistics, and create diagnostic plots.
As suggested by multiple correspondence analysis results, not all risk factors provided independent information (e.g., previous use of an intrauterine device was strongly associated with age, prior induced abortion was associated with pelvic inflammatory disease), and some of them were no more predictive in many 50 percent subsamples (prior spontaneous abortion, uterine surgery, appendectomy). Leaving out these variables and aggregating clinical and serologic markers of infection into a single variable led to a model with seven risk factors. This model exhibited a very good fit (table 2) and was considered to be the "final model."
The regression coefficients of the final model were scaled and rounded to integers to make the scoring systems simpler to use. We used the algorithm proposed by Cole (31) to find optimal scaled and rounded coefficients. Two equivalent optimal solutions were provided, using different scaling coefficients (5 and 2.5). We subsequently verified that the resulting scaled/rounded to integer coefficients provided predic- tive ability similar to that provided by the original coefficients. Loss of fit, measured by the c index, due to using scaled/rounded coefficients, was negligible (table 2) .
Level of measurement
Interval and ratio scales, which allow the use of parametric statistics, are characterized by their ability to preserve distances between subjects with respect to the measured phenomenon (32) . We showed that this implies that there must be a linear relation between the composite score and the measured phenomenon (possibly after transformations: log-interval/ratio and logistic-interval/ratio scales). In other words, estimation of the strength of the linear relation between composite scores and true attribute values is a method for directly assessing whether the measurement scale is of an interval or ratio type (33) . Therefore, linear regression and the square of the multiple correlation coefficient (R 2 or any criterion that reflects the amount of variation that is not explained by the linear regression, such as residual sum of squares or mean square error) can be used as an indicator of the linear relation between the composite score and the measured phenomenon. Details may be found in the paper by Coste et al. (33) . To explore this relation within the whole spectrum of score values, a pair of variables (composite score, (logit of) true value) was assembled for 10 equal-range intervals of CMS score values (34) . Each couple was weighted by the number of observations in the interval. The center of the CMS score values interval was used as the independent variable, and the associated (logit of) observed proportion of ectopic pregnancy was used for patients within the interval as the dependent variable. Plots of composite scores versus true values and values of R 2 for the two scaled/ rounded equations derived from the final model are given in figure 2. After logistic transformation of the true value, the linear relation between composite scores and proportion of ectopic pregnancy was confirmed: R 2 was higher than 0.98, confirming the (lo- gistic) interval level of measurement of the two simplified models.
Cross-validation studies
The predictive ability and the measurement level of the two scaled/rounded CMS was evaluated using the two independent validation samples. The values for the c index and R 2 for these models were similar (table  3) . We retained for further application the first simplified model (solution 1, scaling coefficient = 5), which appeared more precise and informative and provided a measurement level closer to the interval one.
Computation of absolute risk in a given population
Previous sections focused on the determination of relative risk equations. The constant of the models had no relevance nor did the proportion of cases/controls in samples used for model development. However, in several circumstances of clinical or public health practice, the absolute risk, i.e., the actual probability of occurrence of the disease, is of greater interest. Since this risk has far less generalizability than the relative risk because of its relation with baseline incidence rates that may vary from one population to another, it is therefore preferable to make estimates using the population to which it will be applied. When the risk modeling is conducted in samples derived from this population, a direct estimation of the absolute risk or probability of developing disease can be obtained. Contrary to cohort studies, case-control designs do not allow direct estimation of the absolute risk, in particular because the intercept of the risk model is directly linked to the relative proportion of cases and controls in the studied sample. Various methods have therefore been proposed (5, (35) (36) (37) (38) , most of which combine relative risk estimates and some value of incidence rates or attributable fraction, obtained from the same population. Benichou and Wacholder (39) recently compared these methods in the multivariate setting and discussed their results. In other situations, such as ours, the relative risk model has already been developed in a parent population. There, an approximation of the absolute risk can be obtained if values for the frequency of disease and the risk factor exposure level are available for the population of interest. The ectopic pregnancy register in Auvergne, the basis of the third case-control study, contains these data. In 1994, the incidence ratio of ectopic pregnancy was two per 100 livebirths (40) . If studied controls are representative the exposure to risk factors of women from this region who are planning a pregnancy, we can estimate the risk of ectopic pregnancy for a woman from this region who plans a pregnancy. (Since the only selection criterion for controls was to give birth immediately after a woman was treated for ectopic pregnancy, this representativeness seems reasonable.) According to the logistic model equation, the (expected) risk, Pr(EP), of ectopic pregnancy in the Auvergne region, as a function of risk score is given by Pr(EP) = Pr(EP/score)dscore
Although it is impossible to express this integral in closed form, an approximation_may be obtained by expanding Ln[Pr(EP/score)/Pr(EP/score)] as a firstorder Taylor series about the mean score, score (this approximation performs well when the disease is rare (41), as is the case here), whereby one can obtain the approximation:
When probabilities and expected means are replaced by their estimates, obtained in the Auvergne population-based case-control study, the estimation of the constant is straightforward: This equation allows determination, for a given level of risk factors (risk factor coding as given in table 2), of the absolute risk of developing ectopic pregnancy in the population of women from Auvergne who are planning a pregnancy.
Presentation and use of the scale
The scale can be used in two ways: 1) using the computed constant (and appropriate scaling and logistic transformation, as in the worksheet shown in Appendix 1) as an estimate of the absolute risk of ectopic pregnancy in the Auvergne region and in populations with similar baseline ectopic pregnancy incidence rates or 2) without the constant, as an indicator of the relative risk of ectopic pregnancy in a wider context; the relative risk (RR) (given by the odds ratio) for ectopic pregnancy for a given woman is simply RR = exp[woman's computed score X (scaling coefficient)"'].
DISCUSSION
This study illustrates that a simple risk scale, using an integer-based linear combination, may be a valid tool for predicting the risk of occurrence of a disease, assessed as a continuous phenomenon. The good, correspondence of results in the cross-validation studies suggests that the scale can provide accurate risk evaluation even when used for different populations and under conditions of standard practice. Moreover, we showed that the scale may be used as either an evaluation of the relative or absolute risk, according to the degree of generalizability of the results to the population considered.
This methodological framework for scale development could be used in a wide variety of applications that compare probabilistic evaluations and binary outcomes, such as assessment by a physician of the probability of the outcome for a patient (disease occurrence or complication) and assessment by public health professionals of the likely impact of an intervention. This framework integrates several statistical methods concerning model fitting, coefficient rounding, and validation strategy. These methods, published mainly in specialized journals, are not well known by researchers developing CMS for epidemiology (14) . Indeed, multivariate statistical methods and modeling are necessary in the development CMS that predict disease or outcome (11) (12) (13) . Verifications of model relevance should be performed. Although multiplicative models (especially logistic ones) have an established place in epidemiologic methodology, the multiplicative structure does not always provide the most accurate description of the processes being analyzed (42, 43) . Testing interactions between the variables included in the model is useful to identify large departures from multiplicativity (44) . A complementary approach is to study the goodness-of-fit of the model. For several types of models, a variety of methods are available, from graphic methods such as examination of "diagnostic plots" to statistics based on comparison of observed and predicted values (30, 45, 46) . Alternatively, statistical models may be excessively sensitive to the data from which they are developed (10, 13) . For large data sets, variables may be inappropriately selected on the basis of type I error ("overfitting"). Overfitting can be minimized or avoided by resampling or crossvalidation of the data. The best approach to crossvalidation is to perform independent studies at different times or at the same time in different settings (11) . This is especially true when the populations and design used for the CMS construction are open to classical selection and information biases. The use of a stepwise algorithm may also lead to inappropriate selection of the important variables, especially with small training samples (25, 47) . One recommended strategy is to perform all possible subset regressions and select the best subset with the help of goodnessof-fit criteria. The other strategy, which we used in this study, is to employ a two-step procedure in which the initial set of candidate variables is first reduced by using a multivariate descriptive analysis, e.g., factor analysis or cluster analysis, associated with clinical judgment (to form groupings of variables that are then used as predictors) (25, 48) . This strategy, in which variables are not only included on grounds of statistical significance but also on an assessment of conceptual importance, merits attention.
An important condition for application of a CMS in practice, especially in the clinical setting, is simplicity of use. Scaling and rounding to integers of equation coefficients may contribute to this simplicity. Loss of information due to this simplification may be minimized using the algorithm proposed by Cole (31) . We verified that the loss due to rounding was negligible in this study. Note that the approach of rounding coefficients, followed by an assessment of the loss due to rounding, is an indirect but practical way to consider random variability, i.e., precision of estimates. A more direct approach to statistical uncertainty has been proposed recently by Gail et al. (5) and further developed by Benichou and Wacholder (39) . They proposed a method to compute confidence intervals for relative or absolute risks associated with multiple exposures using parametric bootstrap (5) or the delta method (39) . Further research is needed, however, to assess its value and applicability in epidemiologic practice. In partic-ular, other sources of error, associated with sampling biases or model misspecification discussed above, may largely exceed in magnitude and seriousness the specific statistical error. However, the requirement for a computer program to calculate estimates (49) may be disadvantageous in the context of clinical or routine public health practice. Authors who develop CMS should be encouraged to present their instruments in a simple and attractive form, such as a worksheet or nomogram, for example.
The methodological framework presented also integrates some psychometric principles and methods of measurement. Indeed, it appears that the approach to measurement of complex phenomena applied for decades to psychology and behavioral sciences ("psychometrics") may be of considerable value to investigators developing composite instruments in the fields of clinical research or epidemiology (50) (51) (52) (53) . The evaluation of the validity of a CMS that aims to replace or predict an external criterion, such as disease occurrence or outcome, should focus on the analysis of criterion validity, i.e., the investigation of the concordance between the result of the CMS and the external criterion (14, 50) . We have presented above the statistical problems associated with this analysis. However, criterion validity is not the only important aspect of validity for these CMS. Collection and selection of all candidate predictors and multidimensional structure should be considered for determining the usefulness and applicability of the CMS. Again, factor analysis, i.e., principal component analysis (when predictors are continuous variables) or multiple correspondence analysis (when predictors are categorical variables) may be useful to determine a structure (dimensionality) in a set of risk factors. Sometimes, the reliability of the constructed CMS should be considered: Data collected in epidemiology studies are often based on interviews or clinical, radiologic, or histologic examination and are, therefore, liable to significant intraobserver or interobserver variability. Finally, the legitimacy of using particular statistics with CMS scores depends mainly on the level of measurement achieved (32, 33) ; in particular, parametric statistics should, in general, be only used with interval and ratio scales. If it is planned to use the constructed scale as if it was a ratio scale, the underlying linear relation between the CMS score and the measured phenomenon should be assessed. Note that this assessment provides complementary information about the fit of the model since it directly evaluates the strength of the linear (logistic) relation between predictors and outcome (contrary to Hosmer-Lemeshow and c indices that provide categorical and ordinal assessments of this relation, respectively).
In summary, we present a framework for the construction and validation of a CMS to assess the risk, considered as a continuous phenomenon, of developing a particular disease or outcome. The framework integrates both classical psychometric principles of measurement and some specialized statistical methods. In particular, we suggest that psychometric methods should be more widely used by investigators planning to construct a CMS. Important measurement properties and, in particular, measurement level, content and construct validity, and reliability should be addressed. We remind researchers who develop CMS that multivariate methods and statistical modeling should be conducted carefully. Notably, model relevance and assumptions should be checked, and crossvalidation in independent samples should be performed to avoid problems of overfitting. Finally, we suggest that every effort should be made to simplify CMS constructed and to present it in an attractive form to ensure its applicability in diverse settings.
